The P2X7 receptor, an ATP-gated plasma membrane ion channel, is involved in inflammation, apoptosis and cell proliferation, and thereby plays a crucial role during oncogenic transformation in various malignancies. This study aims to evaluate the impact of P2X7 receptor expression on postoperative cancer-specific survival of patients with clear-cell renal cell carcinoma (ccRCC). A total of 273 patients with ccRCC undergoing nephrectomy at a single institution were retrospectively enrolled in this study, among which 86 patients died of this disease and six patients died of other causes. Clinicopathologic features and cancer-specific survival (CSS) were recorded. P2X7 expression was assessed by immunohistochemistry in clinical specimens. Kaplan-Meier method with log rank test was performed to compare survival curves. Cox regression models were used to evaluate the prognostic values of variables on CSS. Concordance index was calculated to assess prognostic accuracy of prognostic models. Median follow-up period was 90 months (range, 11-120 months). Intratumoral P2X7 expression was significantly lower than peritumoral tissues (P < 0.001). Moreover, high intratumoral P2X7 expression, which was significantly associated with shorten CSS (P < 0.001), high TNM stage (P = 0.038), Fuhrman grade (P = 0.035), SSIGN (stage, size, grade, and necrosis) score (P = 0.021) and University of California Integrated Staging System (UISS) score (P = 0.007), was indicated to be an independent prognostic factor for CSS (hazard ratio [HR], 1.693; P = 0.034). The prognostic accuracy of TNM stage, UISS and SSIGN scoring models was improved when intratumoral P2X7 expression was added. Intratumoral P2X7 expression is a potential independent adverse prognostic indicator for postoperative CSS of patients with ccRCC.
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2,3 ccRCC can be cured by surgery if detected at early stage. However, 30-40% of patients still experience recurrence or metastasis and approximate 102 000 deaths are caused annually. 4 The natural history of ccRCC is complicated and clinical outcome can be varied even with similar pathological features. Thus, to screen out high-risk patients for extra appropriate postoperative therapy and surveillance planning, it is of high priority to establish an accurate outcome prediction model for patients who undergo curative intended nephrectomy.
Currently, several prognostic models for RCC patients have been established. Besides the TNM staging system being last modified in 2009, the other two major models include the University of California Integrated Staging System (UISS), which combines TNM stage, Fuhrman grade and performance status, 5, 6 and the stage, size, grade, and necrosis (SSIGN) score developed by Mayo Clinic. 7 Although these models have good prognostic abilities, they still have potential to be more accurate. Studies show that in ccRCC, biomarkers, such as B7-H1, Survivin, Ki-67, could improve the prognostic accuracy of UISS and SSIGN. 8 These results suggest that current prognostic models may be improved by incorporating novel biomarkers.
Besides genetic mechanism, recent studies implied that inflammatory pathway might also contribute to ccRCC growth and immune escape. 9 P2X7 receptor is an ATP-gated ion channel and plays a key role in the activation of inflammatory pathway by binding with ATP. 10 Extracellular ATP is known as a member of danger associated molecular patterns (DAMPs), and could be a response towards endogenous danger signals arising from tumors during malignant transformation. 11 Once inflammasomes are activated via P2X7 receptors, the autocleavage of pro-caspase-1 will start, and then mature pro-inflammatory cytokines, such as interleukin-1b (IL-1b) and IL-18, will release, and will cause sterile inflammation that is directly linked to many cancers. 12 Therefore, P2X7 receptor may act like a "hallmark" of cancer progression of many cancers such as chronic lymphocytic leukemia, melanoma, prostate, breast, skin and thyroid cancer. 13 In ccRCC, pro-inflammatory cytokines IL-1b was reported to promote tumor development.
14 Expression of P2X7 receptor was also discovered in kidney and renal tracts. 15 Meanwhile, Adinolfi reported that expression of P2X7 receptors in human embryonic kidney cells exhibited a higher possibility of tumorigenic as well. 16 In the same study, the expression of this receptor was found upregulated in ccRCC tissues by immunohistochemistry staining. These results lead us to suspect the expression of P2X7 receptor as a mediator of inflammasomes activation in ccRCC and therefore affect the patients' outcome by assisting tumor progression. However, the potential prognostic value of P2X7 receptors in ccRCC remains to be elucidated.
In this study, we analyzed expression of P2X7 receptors by immunohistochemistry in both ccRCC intratumoral tissues and peritumoral tissues, and we also evaluated their associations with clinicopathologic characteristics. Furthermore, we assessed the prognostic value of intratumoral P2X7 expression in patients' cancer-specific survival (CSS) by conducting subgroup analyses and Kaplan-Meier estimates. Finally, we verified the independent prognostic value of P2X7 expression by univariate and multivariate analyses and its ability to improve the prognostic accuracy of current well-established prognostic models, such as TNM staging system, UISS and SSIGN.
Materials and Methods
Patients. A total of 273 patients (146 patients with pairs of peritumor ⁄ tumor specimens and 127 patients with single tumor specimens) with ccRCC undergoing radical nephrectomy at Zhongshan Hospital, Shanghai, China from 2001 to 2004 were retrospectively enrolled in this study, among which 86 patients died of this disease and six patients died of other causes. Zhongshan Hospital's ethics committee approved this study and informed consent was obtained from each patient. Patients were selected according to the following criteria: (i) confirmed post-operative histopathology diagnosis; (ii) no bilateral disease and familial RCC; (iii) complete available follow-up data; (iv) no preoperative neoadjuvant and ⁄ or postoperative adjuvant therapy; and (v) tumor stage classification was carried out according to 2010 AJCC TNM classification. 17 For each patient, the following clinicopathologic information was collected: age, gender, tumor size, presence of histologic tumor necrosis, TNM stage, Fuhrman grade, and Eastern Cooperative Oncology Group Performance Status (ECOG-PS). UCLA Integrated Staging System (UISS) score and stage, size, grade and necrosis (SSIGN) score were also calculated according to previous reports. 5, 6 CSS was measured from the date of surgery to death caused by cancer. All the survival data were updated in October 2013.
Immunohistochemistry. Tissue microarray construction and immunohistochemistry protocol were described in the Supplemental Methods (Suppl. Doc. S1). From the 273 patients we enrolled, 273 intratumoral tissues and 146 peritumoral tissues were obtained. Primary antibodies against human P2X7 receptor (1:200; Abcam, Cambridge, MA, USA) were applied in the procedure. The immunostaining was evaluated by two pathologists (C. Fu and S. Zhen) without the knowledge of patients' information and clinical outcome. A semiquantitative immunohistochemistry score on a scale of 0-300 was calculated for each sample by multiplying the staining intensity (0, no staining; 1, weak; 2, moderate; and 3, strong) and the percentage of cells (0-100%) at each intensity level. The expression of P2X7 was dichotomized into low and high according to the median value of the semiquantitative score.
Statistical analysis. Correlations between immunohistochemical variables and clinicopathologic characteristics were analyzed with v 2 tests for categorical variables, student's t-tests for continuous variables. Kaplan-Meier method with log-rank test was applied to compare survival curves. Subgroup analyses were conducted by univariate analysis expressing hazard ratios (HR). All statistical tests were two-sided and performed at a significance level of 0.05. Univariate and multivariate Cox regression models were used to analyze the impact of prognostic factors on CSS, and P < 0.05 was considered statistically significant. The prognostic accuracy of various Cox regression models was quantified by Harrell's concordance index (C-index), which ranges from 0.5 (no predictive meaning) to 1 (perfect prediction). Data were analyzed using SPSS 21 (IBM Corporation, Armonk, NY, USA), Stata 12.0 (StataCorp, College Station, TX, USA) and R software version 3.0.2 and the "rms" package (R Foundation for Statistical Computing, Vienna, Austria).
Results
Immunohistochemistry detection of P2X7 receptor and correlations with clinicopathological features. P2X7 receptor was stained in both intratumoral tissues and peritumoral tissues. According to the immunohistochemistry scoring method described before, both representative images of high and low density of P2X7 expression in intratumoral and peritumoral tissues are illustrated in Figure 1 . The average staining score of peritumoral P2X7 expression (115) was significantly higher than intratumoral P2X7 expression (88) (P < 0.001, Fig. 1 ).
The median intensity score of peritumoral P2X7 expression was 110 (range, 0-269), and 146 patients were dichotomized into high expression (n = 73) and low expression (n = 73) groups, respectively. Meanwhile, the median intensity score of intratumoral P2X7 expression was 75 (range, 0-252), and 273 patients were dichotomized into high expression (n = 138) and low expression (n = 135) groups, respectively.
Correlations between the intratumoral P2X7 expression level and clinicopathological features are listed in Table 1 . Intratutomral P2X7 expression was positively correlated with TNM stage (P = 0.038), Fuhrman grade (P = 0.035), SSIGN score (P = 0.021) and UISS score (P = 0.007). The other clinicopathological features did not present significant correlation with intratumoral P2X7 expression. In addition, peritumoral P2X7 expression was not correlated with any clincopathological features except tumor size (P = 0.044) (Supl. Table S1 ).
Correlation of P2X7 expression with clinical outcome of patients with ccRCC. Further analyses were performed to investigate the prognostic value of P2X7 expression on CSS in ccRCC patients. Median follow-up period was 90 months (range, 11-120 months). According to Kaplan-Meier survival analysis, ccRCC patients with high intratumoral P2X7 expression had worse cancer-specific survival than those with low intratumoral P2X7 expression (P < 0.001, Fig. 2 ). On the other hand, peritumoral P2X7 expression did not present a prognostic value on CSS (Suppl. Fig. S1 ).
High intratumoral P2X7 expression is an independent prognostic factor for CSS in ccRCC patients. Univariate and multivariate analyses were conducted to evaluate the prognostic significance of intratumoral P2X7 expression on CSS of ccRCC patients. As summarized in Table 2 , intratumoral P2X7 expression was identified as a risk factor (P = 0.002) with other factors, such as tumor size (P < 0.001), TNM stage (P < 0.001), Fuhrman Grade (P < 0.001), necrosis (P = 0.031), and ECOG-PS (P = 0.001). Moreover, multivariate analysis further identified TNM stage (P < 0.001), Fuhrman grade (P < 0.001), ECOG-PS (P = 0.018), and P2X7 expression (P = 0.034) as independent prognostic factors for CSS.
Subgroup analysis for prognostic value of P2X7 expression in ccRCC patients. To further determine the prognostic value of intratumoral P2X7 expression in patients with different clinical status, subgroup analyses were conducted using univariate analysis. As showed in Figure 3(a) , high expression of P2X7 showed a significantly higher risk for cancer-specific death in early TNM stage (stage I), low score subgroups of ECOG-PS, SSIGN and UISS. Additionally, high expression of intratumoral P2X7 also presented a significant higher risk in Fuhrman grade 4 subgroup.
As the SSIGN scoring system is originally developed to predict the cancer specific survival of patients with ccRCC, we further performed Kaplan-Meier survival method to evaluate the association between P2X7 expression and clinical outcome of ccRCC patients in different SSIGN subgroups. As presented in Figure 3(b-d) , ccRCC patients could be stratified by P2X7 expression in low risk subgroup (P = 0.008, Fig. 3b ), but could not be stratified in intermediate and high risk subgroup (P = 0.343, Fig. 3c ; P = 0.478, Fig. 3d, respectively) . Similar results were also observed in TNM staging and UISS scoring system with high P2X7 expression significantly predicting shortened CSS in early TNM stage (stage I) and low UISS score (score 1 and 2) subgroups (Suppl. Fig. S2 ). Moreover, subgroup analysis also was conducted in each Fuhrman grade. Patients could not be stratified by P2X7 expression in Fuhrman grade 1 (P = 0.600), Fuhrman grade 2 (P = 0.086) and Fuhrman grade 3 (P = 0.173), but could be significantly stratified by P2X7 expression in Fuhrman grade 4 (P = 0.012) (Suppl. Fig. S3 ).
Extension of established prognostic models with intratumoral P2X7 expression. Since intratumoral P2X7 expression had been identified as an independent prognostic factor described above, we combined P2X7 expression with three major ccRCC prognostic models, TNM stage, UISS and SSIGN systems, to investigate whether P2X7 expression could improve their prognostic accuracy. Harrell's concordance index (c-index) was calculated to evaluate the prognostic accuracy. As shown in Table 3 , for CSS, the c-index for original TNM stage, UISS and SSIGN systems were 0.648, 0.679 and 0.710, respectively, which were significantly improved to 0.698 (P < 0.001), 0.719 (P = 0.001) and 0.728 (P = 0.039) when P2X7 expression (c-index = 0.607) was integrated into these conventional models.
Discussion
To our knowledge, this is the first study to identify high intratumoral expression of P2X7 receptor as a negative prognostic factor for CSS of patients with ccRCC after nephrectomy. High expression of P2X7 receptors in ccRCC tissues indicates shortened survival time, especially for patients with low SSIGN score, TNM stage I and low UISS score. Moreover, this study also identified the ability of intratumoral P2X7 expression to improve predicative accuracy of TNM staging system, UISS and SSIGN scoring models. These integrated prognostic models with intratumoral P2X7 expression are useful in filtering patients for additional treatment and planning follow-up. For instance, patients with high intratumoral P2X7 expression may need adjuvant treatment and a closer follow-up strategy even they are classified as early stage, such as SSIGN score below 3. Due to the complicated and various outcomes of ccRCC patients, establishing an accurate prognostic model is critical important in clinical practice. Compared with traditional prognostic models based on histopathological features, genetic and molecular biomarkers may have advantage in accurate prognosis. Recently, several biomarkers are reported to be involved in ccRCC prognosis predicting. These newly reported biomarkers include gene expression signature ClearCode34, 18 serum cell-free DNA, 19 and loss of BAP1 protein, 20 which represent different strategies for seeking for biomarkers: gene-based, blood-based and molecule-based ways. Furthermore, molecular-based, or in another word, protein-based biomarkers, not only have advantages in predicting prognosis, but also have potential ability for application of targeted therapies.
As a receptor for extracellular ATP, one of the DAMPs, P2X7 receptors have a complicated and even controversial role in the interplay between cancer and immunity. Although P2X7 receptor is long well known as its cytotoxicity that has antitumor effects, recent studies show this receptor may also promote tumor growth and activate inflammasomes that directly linking to many cancers. 13 16 Another study also demonstrated that the stimulation of P2X7 by ATP could activate a proliferative pathway in ovarian carcinoma cells. 23 In addition, the work of Jelassi et al. 24 determined that P2X7 could enhance cancer cell invasiveness, which mainly occurred in advanced stage tumors. Thus P2X7 might accelerate cell survival and cell proliferation in early stage and promote migration and invasiveness in advanced stage. At present, this study revealed that the ccRCC patients in early stage, rather than in advanced stage, could be significantly stratified by P2X7 expression, which indicates the pivotal role of P2X7 in cell proliferation and cell growth during tumorigenesis. To date, studies had determined that P2X7 exerts pro-cancerous functions probably through PI3K ⁄ Akt and HIF1a ⁄ VEGF signaling. 25, 26 Yet the exact molecular mechanism adopted by P2X7 in RCC remains to be elucidated, which merits our further investigation. Since P2X7 receptor played a pivotal role in inflammatory pathway, many studies had focused on the function of P2X7 receptors in cancer. Histological evidences have been discovered that the expression of P2X7 receptor was increased in prostate, 27 carcinoma. 32 The prognostic value of a polymorphism of P2X7 receptor gene was evaluated in chronic lymphocytic leukemia (CLL) according to Thunberg. 33 Nevertheless, in ccRCC, P2X7 receptor was only determined to be highly expressed, 16 the prognostic value of P2X7 receptor in ccRCC remains to be revealed. This study evaluated its predicting ability in ccRCC and may enrich prognostic markers of ccRCC. Since the well-known marker of inflammation, C-reactive protein (CRP), also had been identified as a strong prognostic indicator in RCC, [34] [35] [36] P2X7 might be closely related with CRP under the inflammatory microenvironment during tumor development of ccRCC. Combination of P2X7 expression with CRP level might produce a more robust prognostic indicator for ccRCC, which also merits further exploration.
Our data presented that the expression level of P2X7 was significantly higher in peritumoral than intratumoral tissues, which drew our attention. As we inferred above, P2X7 high expression in intratumoral tissues itself could promote tumor cell proliferation and growth and then initiate tumor development. Meanwhile, P2X7 expressing tumor cells might release cytokines, induce hypoxia and inflammatory microenvironment in surrounding peritumoral tissues. It has been reported that interleukin-1b released by tumor cells and hypoxia are inducers of P2X7 expression. 37, 38 P2X7 has been documented to mediate T cell responses, control the functions of immune cells such as monocytes, macrophages, dendritic cells and lymphocytes and induce the production of numerous pro-tumorigenic factors such as extracellular matrix-degrading enzymes. 25, 39 Hence, the tumor-educated high P2X7 expressing peritumoral tissues might construct a pro-cancerous environment for the tumor cells' survival and outward expansion.
Besides prognostic power, biomarkers have latent ability to be developed into therapeutic targets. Current therapeutic targets of ccRCC applied in clinical practice mainly involved in VEGF and mTOR pathways. 40 However, cytotoxicity of these pathways' inhibitors is an interference of curative effect, so a new strategy of exploring target pathway might be needed. The results of this study identified intratumoral P2X7 as a potential unfavorable prognostic factor for CSS in ccRCC patients. This finding suggests intratumoral P2X7-mediated activation of inflammasomes might accelerate early ccRCC progression by providing an inflammatory microenvironment. Therefore, intervention of P2X7 signal activation might be a novel molecular targeted strategy for patients with higher intratumoral P2X7 expression, especially for early stage patients. Application of P2X7 blockers has also been found to inhibit tumor progression. 22 Another study reported a P2X7 antagonist, brilliant blue G (BBG), was able to suppress tumor growth in a C6 glioma brain tumor model. 41 Together with these finding, the present study raised a strong potential of P2X7 blockers or antagonists might be a new therapeutic option for ccRCC, which needs further exploration and validation.
There are some limitations in our study. Firstly, although the sample size is not small, validation set and external validations of prognostic value of intratumoral P2X7 expression based on a larger population are required. Secondly, as metastatic ccRCC patients in our study are relatively rare, the prognostic value of P2X7 receptor in ccRCC with advanced-stage is required to be validated. Thirdly, our patient group exhibited limited racial ⁄ ethnic diversity (>99% Chinese), further validation of our results on various races may needed.
In summary, this study is the first to demonstrate that intratumoral P2X7 receptor expression is an independent prognostic factor in ccRCC, especially in patients with early stage disease. High expression of intratumoral P2X7 predicts shortened CSS. In addition, high intratumoral P2X7 expression may also improve prognostic accuracy of current TNM stage, UISS and SSIGN models. We provide a potential prognostic factor and a novel idea of molecular target for ccRCC to individualized clinical approach and follow-up program more properly.
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